A broad spectrum of variably altered igneous rocks with a wide range of grain sizes are compressed and heated over a wide range of pressure-temperature paths in subduction zones. Although experimental kinetic data cannot be extrapolated to predict the rates of blueschist and eclogite formation in nature, textural data from rocks indicate that transformation below temperatures of 150øC is minimal. Complete transformation of volcanic rocks occurs by •-250øC, but incomplete transformation of gabbroic rocks heated to 800øC has been observed. There are important consequences to the rapid transformation of volcanic rocks and the metastable persistence of gabbroic rocks into the blueschist and eclogite stability fields. Fast seismic velocities should be evident first in the upper oceanic crust and may be substantially retarded in the lower oceanic crust. The upper oceanic crust will be denser than asthenosphere before the lower oceanic crust. Early in the process of eclogite formation, volcanic rocks will be placed in deviatoric tension and the underlying coarser grained rocks in compression; with further reaction, the state of stress in gabbroic rocks will change from compressive to tensile. Earthquakes at shallow depths should be extensional in basalt and contractional in gabbro, changing at deeper levels to extensional throughout the crust.
INTRODUCTION
Formation of eclogite is a key factor in plate tectonics, influencing the size and shape of plates as well as their age and rate of disappearance from the Earth's surface. Subduction zones have long been of interest because they are the builders of continents, collecting material from the ocean basins and constructing magmatic arcs. In spite of the dynamic nature of subduction zones, much of our understanding of their behavior stems from equilibrium thermodynamics. The equilibrium viewpoint has proven a valuable first means of addressing processes in subduction zones, but a more in-depth comprehension requires consideration of the rates and mechanisms by which phase changes occur during subduction.
Experimental and Theoretical Inferences
How long can rocks remain out of equilibrium at elevated pressures and temperatures? Specifically, how long can rocks remain within the eclogite stability field before transforming partially or completely to the stable phase assemblage? Information relevant to this question derives from two sources: experiment and study of natural rocks [Rubie, 1990] . Experimental kinetic data collected on [Liou, 1971 ] , [Maresch, 1977] [1993] deformed polycrystalline, vacuum-dried albite rocks at strain rates of 10-4-10 -6 s -1 at temperatures of 600-800øC and confining pressures of 1.0-2.0 GPa. In spite of extreme pressure overstepping and extreme sample strain, deformed anhydrous samples contained no jadeite. Differential stresses as high as 2000 MPa produced maximum normal stresses up to 4.0 GPa--all at temperatures where the equilibrium pressure is <2.0 GPa. Some of these samples were strained 70%, and individual grains attained aspect ratios of greater than 10:1. In marked contrast to this, the addition of 1 wt% H20 produced partial reaction at temperatures as low as 600øC, even in undeformed samples.
More complicated experiments measured the olivine ---> spinel transformation in hot-pressed Mg2GeO4 [Burnley, 1990] and Ni2SiO4 [Rubie et al., 1990 ] at pressures and temperatures of 800-1900øC and 1-15 GPa. When extrapolated to geologic conditions these investigations suggest that transformation may be suppressed to depths 150-200 km below the equilibrium boundary in rapidly subducting slabs.
In summary, existing experimental data indicate that H20 has a major catalytic affect on reaction rates and that some reactions are geologically fast (e.g., calcite-->arago-nile) whereas others are probably slow (olivine --> spinel). We have essentially no experimental information on reactions forming blueschist and eclogite.
Metamorphic Textures
Observations on rocks show that transformation to blueschist and eclogite may be suppressed long after rocks have passed into the respective stability fields of these assemblages. Figure 2 was constructed from studies worldwide that reported not only peak metamorphic pressures and temperatures but also textural information about the degree of reaction. Rocks reported as feebly recrystallized or whose high-pressure phases were so minor as to require detection by electron microscopy are shown in 
COMPOSITION OF IGNEOUS OCEANIC CRUST
To understand the transformation of oceanic crust to blueschist and eclogite we must know the composition and 
EFFECTS OF SLOW TRANSFORMATION ON DENSITY AND H20 CONTENT
When oceanic crust is subducted it is compressed and heated along one of a wide variety of possible PT paths (Fig 3) . The highest-temperature path into the eclogite stability field is from the granulite facies. In the hottest of subduction zones involving lithosphere less than a few m.y. old, it is possible for oceanic igneous rocks to pass into the eclogite stability field by this path [Hacker, 1991] . Rocks that recrystallized in the subgreenschist facies during hydrothermal alteration at the mid-ocean ridge will pass through the greenschist and amphibolite facies prior to entering granulite conditions, and may transform variably to greenschist, amphibolite, or granulite facies assemblages prior to entering the stability field of eclogite. At the opposite end of the temperature spectrum, rocks that previously recrystallized in the prehnite-pumpellyite facies will pass through the blueschist facies prior to entering eclogite conditions [Peacock, 1990] , and may thus transform variably to blueschist prior to entering the eclogite stability field. Peacock [ 1993] used the restricted compositional system NCMASH (Na-Ca-Mg-AI-Si-H-O) to calculate the mineral modes and maximum H20 contents of subducting mafic rocks. He demonstrated that moderately altered oceanic crust containing 1-2 wt% H20 begins to dehydrate at the onset of eclogite or amphibolite facies metamorphism, and suggested that the transition from blueschist to eclogite facies, associated with the breakdown of lawsonite or clinozoisite, releases the most H20 during subduction.
Peacock calculated a range of paths that traverse most of the region of PT space relevant to subduction zones. In the spirit of Peacock's calculations and using the information presented in Figure 2 , assume that coarsegrained rocks (i.e., gabbro) transform 25%, 50%, 75%, and 100% at 150øC, 250øC, 500øC and 550øC, respectively, in accordance with field observations described earlier.
Further assume that fine-grained rocks (i.e., basalt) transform twice as fast--such that they reach 100% Figure 3A and 4A illustrate the predicted densities and H20 contents of NCMASH assemblages determined by Peacock [ 1993] for the various metamorphic facies. Figures  3B and 4B repeat this theme, using the kinetic inferences discussed above. Figures 3C and 4C use the same kinetic hindrance considerations but begin with altered protoliths. Because these figures are based on modeling real assemblages with a subset defined by the NCMASH system, the predicted densities and H20 contents cannot be considered exact; however, several interesting features are apparent.
Figures 3B and 4B predict the behavior of subducted basalt and gabbro using the mineral assemblage olivine + orthopyroxene + clinopyroxene + plagioclase as a protolith. In the upper, volcanic crust, 50% reaction is assumed to occur at 150øC and complete reaction at 250øC; in the lower plutonic crust, 25, 50, 75, and 100% reaction is modeled as happening at 150, 250, 500, and 550øC, respectively. For example, the density of 2.97 g/cm 3 for lawsonite-blueschist facies gabbro in Figure 3B was calculated using unaltered gabbro (2.89 g/cm 3) transformed 50% to lawsonite blueschist (3.10 g/cm3). The H20 required for hydration in Figures 3B and 4B is assumed to derive from sediments or hydrated mantle. In the absence of sufficient H20, all facies other than CE, EC, GG, and GN have a density of 2.89 g/cm 3 and 0 wt% H20.
The results for volcanic rocks are close to the predictions of Peacock's equilibrium model (Figure 1) because the transformation rate is rapid. Basalts traveling via path 1 undergo only slight changes in density prior to the appearance of garnet and the disappearance of plagioclase. In contrast, Path 3 indicates that 5-10% volume loss occurs in basalts upon entering both the blueschist and eclogite facies. As in the equilibrium case ( Figures 3A and 4A) , the biggest step in dehydration occurs at the blueschist/eclogite facies boundary; dehydration along path 1 is split subequally between the greenschist/amphibolite and amphibolite/granulite transitions. Basalts moving along path 3 or slightly warmer trajectories lose roughly equal amounts of H20 when entering and leaving the epidote blueschist stability field. Compared to basalt, where volume loss occurs fairly evenly over the 150-450øC temperature range, half the volume loss of gabbro occurs in the 500-550 ø interval. In contrast to basalt, which may undergo substantial hydration by 250øC, gabbro is predicted to Figures 3C and 4C predict the behavior of subducted altered basalt and gabbro using the prehnite-pumpellyite facies mineral assemblage chlorite + albite + pumpellyite + quartz + calcite for altered basalt and the amphibolite-facies assemblage hornblende + clinozoisite + chlorite + quartz for altered gabbro. The predictions are qualitatively similar to Figures 3B and 4B , except that the H20 content at any chosen P and T is higher. The retardation of reaction during subduction illustrated in Figures 3 and 4 will affect 1) how the structure of subducted crust is interpreted from seismic data, 2) the buoyancy forces that produce sinking and bending of the slab, 3) the distribution of stresses induced by volume changes, 4) seismicity in the slab induced by volumechange-related stresses, 5) the mechanical behavior of the slab, 6) the distribution of H20 in the slab, and 7) the generation of arc magmatism. All these factors differ from the equilibrium state because the densification reactions in descending slabs depend on grain size, H20 content, bulk composition, and temperature. Relative to the equilibrium model, transformation to blueschist and eclogite is always delayed to greater depths in the kinetic model.
The first rocks to transform will be glassy basalts, followed by holocrystalline basalts, then diabases, and finally gabbros. N9te that this derives from thermal as well as kinetic causes, as the upper crust is warmer than the lower crust as well as being finer grained. The seismic velocity signature of dense rock should be evident first in the upper crust and may be substantially retarded in the lower crust. The absence of fast velocities at eclogite facies conditions cannot be taken to indicate the absence of oceanic crust. High densities will appear first in the upper crust and may be considerably suppressed in the lower crust. In Figure 4 , the lower crust is not only less dense than asthenosphere, but also less dense than the basaltic upper crust. In these situations the upper crust may sink in the asthenosphere but the lower crust cannot. Moreover, Kirby et al. [1996] 
